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Study on the dielectric properties of Mg-doped NaBiTi6O14 ceramics∗
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With the interest in using lead-free materials to replace lead-containing materials increasing, the use of Na0.5Bi0.5TiO3
(NBT) has come into our sight. We studied the composition of NBT and found that NaBiTi6O14 ceramics can be com-
positionally tuned by Mg-doping on the Ti-site to optimize the dielectric properties. In this study, Mg-doped NaBiTi6O14
(NaBi(Ti0.98Mg0.02)6O14−δ ) ceramics were prepared by a conventional mixed oxide route at different sintering temper-
atures, and their dielectric properties have been studied at a wide temperature range. X-ray diffraction (XRD) patterns
of the NBT-based ceramics indicate that all samples have a pure phase without any secondary impurity phase. The ex-
perimental data show that after Mg-doping, the relative permittivity and dielectric loss become lower at 1040, 1060, and
1080 ◦C except 1020 ◦C and at different frequencies from 10 kHz, 100 kHz to 1 MHz. Take 1060 ◦C for example, when
the sintering temperature is 1060 ◦C at 1 MHz, the minimum relative permittivity of NaBiTi6O14 is 32.9 and the minimum
dielectric loss is 0.01417, the relative permittivity of NaBi(Ti0.98Mg0.02)6O14−δ under the same condition is 25.8 and the
dielectric loss is 0.000104. We explored the mechanism of Mg-doping and surprisingly found that the dielectric prop-
erty of NaBi(Ti0.98Mg0.02)6O14−δ becomes better owing to Mg-doping. Thus, NaBi(Ti0.98Mg0.02)6O14−δ can be used in
microwave ceramics and applied to new energy materials.
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1. Introduction
Ferroelectric materials are particularly significant in the

development of modern technology due to their promising
dielectric and piezoelectric properties. Piezoelectric materi-
als have been widely used in electronic devices such as sen-
sors, actuators, and transducers.[1–3] In addition, ferroelec-
tric materials are also widely used as dielectric materials in
modern electronics applied to bypassing, coupling, filtering,
smoothing, and power conditioning.[4] We must point out
that we mainly use Pb(Zr1−xTix)O3-based piezoelectric ma-
terials nowadays. As the use of lead and other toxic ele-
ments has been restricted, the interest in substituting lead-
containing materials for lead-free materials has surged re-
cently in order to meet environmental standards such as Re-
striction of Hazardous Substances (RoHS) and Waste Electri-
cal and Electronic Equipment Directive (WEEE).[5–8] Com-
pared with BaTiO3, PZT and other materials in the perovskite
system, NBT has excellent dielectric and piezoelectric prop-
erties with higher relative permittivity (εr) and lower dielec-
tric loss. NBT exhibits the maximum relative permittivity
εr ∼ 3000 at∼ 320 (Tmax) and possesses a distorted perovskite
structure with extensive chemical, cation-displacement, and
octahedral tilt disorder.[9–11] We must emphasize that NBT

has a pretty wide operational temperature, so it can be used
in many devices and adapt to various temperature conditions.
However, NBT can very easily cause Bi leakage. A new Mg-
doped NaBiTi6O14 (NaBi(Ti0.98Mg0.02)6O14−δ ) ceramic was
prepared through the chemical reaction of Na2CO3, Bi2O3,
MgO, and TiO2. We studied the composition of NaBiTi6O14

and surprisingly found that NaBiTi6O14 can be composition-
ally tuned by Mg-doping on the Ti-site to optimize its piezo-
electric and dielectric properties. The samples were prepared
by the following chemical equation:

Na2CO3 +5.88TiO2 +Bi2O3 +0.12MgO

→ 2NaBi(Ti0.98Mg0.02)6O14−δ +CO2 ↑ . (1)

This NaBiTi6O14 material with Mg-doping has high relative
permittivity and low dielectric loss with a wide operational
temperature range. NaBiTi6O14 can be comprehensively used
in ceramic capacitors, especially high-temperature capacitors
and applied to electronic control systems for hybrid or electri-
cally powered vehicles and microwave ceramics. NaBiTi6O14

also develops a new direction for ceramic capacitors and new
energy materials.[12–15]
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2. Experimental procedure
Reagent grade Na2CO3, Bi2O3, MgO, and TiO2 were

used as the starting materials of NaBi(Ti0.98Mg0.02)6O14−δ

(99.9%Na2CO3, 99.9%Bi2O3, 99.9%TiO2, 99.9%MgO).
These high-purity powders were weighed stoichiometrically
and ball-milled with C2H5OH for 24 h, then the powders
washed and dried in a drying oven were calcined at 950 ◦C
for 2 h. The phase identification was done using a pow-
der x-ray diffractometer (XRD; Bruker D8, Karlsruhe, Ger-
many, Cu Ka∼ 1.5406 A) with Cu Ka radiation; scan speed
of 1 ◦C/min. After being re-milled, the powder was pressed
into disks of 10 mm in diameter and 2 mm in thickness. The
PVA (polyvinyl alcohol) was heated for 10 h at 650 ◦C in the
air. The compacted disks were sintered at 1020 ◦C–1100 ◦C
for 9 h in stove (Energy-save-type Quick temp raising Electric
furnace), then cooled down to room temperature. The sintered
disks were polished and examined by x-ray diffraction on a
Philips X’Pert diffractometer again. Finally, the dishes were
covered with silver paste and the electrode of the dishes was
baked. After the preparation of NaBiTi6O14, high-temperature
IS measurements were performed using an impedance ana-
lyzer (Agilent 4194 A, Agilent) in a non-inductively wound
tube furnace. The relative permittivity and dielectric loss were
tested by an impedance analyzer (HP Agilent, 4192 A Hewlett
Packed, Santa Clara, CA) between 100 ◦C and 700 ◦C. The
microstructure of NaBiTi6O14 was observed by scanning elec-
tron microscope (SEM JEOL Ltd., Tokyo, Japan).

3. Results and discussion
3.1. XRD results

The XRD patterns of sintered pellets of NaBiTi6O14

and NaBi(Ti0.98Mg0.02)6O14−δ are displayed in Fig. 1. The
x-ray diffraction patterns of the NBT-based ceramics indi-
cate that all samples have a pure phase. Figures 1(a) and

1(b) show the XRD patterns of well-sintered NaBiTi6O14 and
NaBi(Ti0.98Mg0.02)6O14−δ ceramic disks respectively. The
XRD results show a major phase of NaBiTi6O14 solid solu-
tion. It can be seen that all samples maintain the tetragonal
perovskite structure. According to the XRD spectrum analy-
sis, the peak shifted to the right after Mg-doping, which indi-
cated that interplanar spacing became larger which was mainly
attributed to the substitution of relatively larger Mg2+ into Ti
sites. Based on Bragg’s Law, 2d sinθ = nλ , under the condi-
tion that the wavelength of incident light remains unchanged.
What has been mentioned above elaborates the reason why the
peak appears later in the XRD spectrum. This could be under-
stood by the oxygen vacancy compensation mechanism:

MgO+TiTi +Oo→Mg′Ti +TiO2 +VÖ. (2)

When the samples were sintered at a temperature from
1020 ◦C to 1080 ◦C, the substitution of Mg2+ into Ti sites
which follows oxygen vacancy compensation mechanism ex-
plains the formation of TiO2. It has been reported that substi-
tuting Ti ions for larger ions in the oxygen octahedral could
modify the polarization of NBT-based materials effectively. In
this case, when larger Mg2+ occupied Ti sites, the Mg2+ was
centrally located in the oxygen octahedral and got “stuck”.
Since the polarization of the system mainly originated from
the Ti4+ deviating from the central region of the octahedra, rel-
atively larger Mg2+ prevented the deviation and thus produced
changes in the polarization, besides, the larger Mg2+ inflated
the octahedra which probably altered the adjacent octahedra
and thus inhibited the formation of ferroelectric domains. As
a result, the tetragonality decreased and the formation of the
ferroelectric domains was suppressed. What should be men-
tioned here is why there is no TiO2 phase. TiO2 content is too
low so that it cannot be detected by XRD. In addition, TiO2

may be involved in the reaction in Eq. (2). Therefore, the ex-
istence of TiO2 will not affect XRD results.
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Fig. 1. (color online) X-ray diffraction patterns of calcined and sintered NaBiTi6O14 (a) and NaBi(Ti0.98Mg0.02)6O14−δ powders (b).

3.2. Relative permittivity

Impedance spectroscopy measures the dielectric proper-
ties of ceramic samples as a function of frequency. It is
based on the interaction of an external field with the elec-

tric dipole moment of the sample, usually expressed by per-

mittivity. The frequency dependence of relative permittiv-

ity (εr) of NaBiTi6O14 and NaBi(Ti0.98Mg0.02)6O14−δ ceram-

ics sintered at 1020, 1040, 1060, and 1080 ◦C are shown
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in Fig. 2. By processing the experimental data, we can
find that the relative permittivity of NaBi(Ti0.98Mg0.02)6O14

is a little lower than that of NaBiTi6O14. Figure 3
shows the temperature dependence of relative permittiv-
ity of NaBiTi6O14 and NaBi(Ti0.98Mg0.02)6O14−δ ceramics
at 1 MHz. Despite 1020 ◦C, the relative permittivity of
NaBi(Ti0.98Mg0.02)6O14−δ is lower than that of NaBiTi6O14.
The relative permittivity drops pretty fast at first, and then
keeps stable, and finally increases quickly. We can describe
the general trend of permittivity as a ‘U’ shape. At different
frequencies, the general trend remains the same. Relative per-
mittivity decreases with the increase of frequency. At differ-
ent sintering temperatures, the general trend still remains a ‘U’

shape. Relative permittivity decreases with the increase of sin-
tering temperature. When the sintering temperature is 1040 ◦C
at 1 MHz, the relative permittivity is 27.2. With respect to ion
radius, the radius of Mg2+ is 0.072 nm, the radius of Ti4+

in the B site is 0.064 nm. The radius of Mg2+ is similar to
that of Ti4+, so it is possible to occupy Ti4+’s position. When
Mg2+ occupies the B site of Ti4+, oxygen vacancies will ap-
pear. The deformation of the perovskite structure makes it dif-
ficult for the domain to move. When oxygen vacancies diffuse
to the domain wall, they will nail the domain easily and block
the movement of the domain which makes it difficult for the
domain to change direction. Therefore, piezoelectric and di-
electric properties of ceramics will decrease.[16]
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Fig. 2. (color online) Relative permittivity of NaBiTi6O14 and NaBi(Ti0.98Mg0.02)6O14−δ ceramics sintered at (a) 1020 ◦C, (b)
1040 ◦C, (c) 1060 ◦C, and (d) 1080 ◦C.
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Fig. 3. (color online) The relative permittivity of NaBiTi6O14 and
NaBi(Ti5.98Mg0.02)6O14−δ ceramics at 1 MHz at different temperatures.

3.3. Dielectric loss

The dielectric loss of the samples sintered at 1020, 1040,
1060, and 1080 ◦C is shown in Fig. 4. Figure 4 shows the
frequency dependence of the dielectric loss tangent (tanδ ) of
NaBiTi6O14 and NaBi(Ti0.98Mg0.02)6O14−δ at different tem-
peratures. In all sintering temperatures, the general trend
is that tanδ of NaBi(Ti0.98Mg0.02)6O14−δ is lower than that
of NaBiTi6O14. For example, when the sintering tempera-
ture is 1040 ◦C at 1 MHz, the minimum dielectric loss of
NaBi(Ti0.98Mg0.02)6O14−δ is 0.00248. The minimum dielec-
tric loss of NaBiTi6O14 under the same condition is 0.100. It is
very obvious that after Mg-doping, the dielectric loss becomes
lower. Figure 4 also shows that the dielectric loss remains a
very low level from around 100 ◦C to 600 ◦C, which implies
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that NaBi(Ti0.98Mg0.02)6O14−δ can be comprehensively used
in a ceramic capacitor, microwave ceramics with a pretty wide
operational temperature. Similar to the change trend of the
relative permittivity, the dielectric loss drops very fast at first,
then keeps stable, and finally increases quickly. We can de-
scribe the general trend of dielectric loss as a ‘U’ shape. At
different frequencies, the general trend remains the same. Di-
electric loss decreases with the increase of frequency. At dif-
ferent sintering temperatures, the general trend still remains
a ‘U’ shape. Dielectric loss decreases with the increase of
sintering temperature. Figure 5 shows the temperature depen-
dence of the dielectric loss tangent (tanδ ) of the NaBiTi6O14

and NaBi(Ti0.98Mg0.02)6O14−δ at 1 MHz. As the tempera-
ture increases, the dielectric loss keeps on decreasing until the
temperature reaches 1060 ◦C, and then increases a little be-
tween 1060 ◦C and 1080 ◦C. There is a theory that may explain
the reason why the dielectric loss increases between 1060 ◦C

and 1080 ◦C. The interface polarization between the grain and
grain boundary is weak. With the increase of temperature,
the resistivity of the ceramics decreases and the conductiv-
ity of the grains becomes obvious, namely that the interaction
between ceramics and electrodes begins to influence ceramic
properties.[17] Consequently, at high temperatures, the dielec-
tric loss increases with the increasing temperature. Generally,
the dielectric loss of NaBi(Ti0.98Mg0.02)6O14−δ is about one
order of magnitude lower than NaBiTi6O14 at the same sinter-
ing temperature, which indicates that the dielectric property of
NaBi(Ti0.98Mg0.02)6O14−δ is better than that of NaBiTi6O14.
The reason why the dielectric loss becomes lower after Mg-
doping in NaBiTi6O14 might be attributed to the decrease of
the grain size. Large grain size causes the decrease of the ra-
tio of the grain boundary. Generally, the defects in the grain
boundary are less than that in grain, leading to the decrease of
the dielectric loss.[18–20]
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Fig. 4. (color online) The dielectric loss of NaBiTi6O14 and NaBi(Ti0.98Mg0.02)6O14−δ ceramics sintered at (a) 1020 ◦C, (b) 1040 ◦C,
(c) 1060 ◦C, and (d) 1080 ◦C.
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Fig. 5. (color online) The dielectric loss of NaBiTi6O14 and
NaBi(Ti0.98Mg0.02)6O14−δ ceramics at 1 MHz at different temperatures.

3.4. Dielectric properties

The bulk densities of disks were measured as a function of
the sintering temperature and the results are listed in Table 1.
It is obviously seen in Table 1 that the bulk density of undoped
samples (NaBiTi6O14) increases with the sintering tempera-
ture increasing. However, after Mg-doping, the bulk density
of samples is always maintained at about 3.6 g/cm3 which is
not very different from the undoped samples. As a result, it is
concluded that densification of the system can be improved by
higher sintering temperatures. We can also see from Table 1
that insulation resistance of all samples is roughly maintained

047701-4



Chin. Phys. B Vol. 26, No. 4 (2017) 047701

at six party orders of magnitude. High insulation resistance
demonstrates all the samples are dielectrics. Table 2 shows
the dielectric properties (the minimum relative and permittiv-
ity dielectric loss) of the samples sintered at 1020, 1040, 1060,
and 1080 ◦C at 1 MHz. In general, with the increasing sinter-
ing temperature, the relative permittivity of all samples is be-
tween 22 and 36, and there is not much difference. The rela-
tive permittivity and the dielectric loss of NaBiTi6O14 increase
gradually with the sintering temperature increasing. The rel-
ative permittivity of NaBi(Ti0.98Mg0.02)6O14−δ does not vary
much with the change of sintering temperature. It is demon-
strated once again that the relative permittivity and the dielec-
tric loss of NaBi(Ti0.98Mg0.02)6O14−δ are lower than that of
NaBiTi6O14 at the same sintering temperature except 1020 ◦C,
indicating that NaBi(Ti0.98Mg0.02)6O14−δ ceramics have ex-
cellent dielectric property. These intriguing properties make
this material qualify for practical applications.

The scanning electron microscope (SEM) micrographs of
NaBiTi6O14 and NaBi(Ti0.98Mg0.02)6O14−δ sintered at differ-
ent temperatures are shown in Fig. 6 and Fig. 7, respectively.
To a certain degree, the dielectric constant can reflect the func-
tion of materials. Comparing the two pictures, we can observe
that in general, the grain size of Mg-doped samples is slightly
smaller than that of NaBiTi6O14 ceramics. More specifically,
the grain shown in Fig. 6 is more homogeneous. The domain
reorientation of the ceramics becomes more difficult and re-
stricts the movement of the domain wall due to the strong
coupling between the grain boundaries and the domain wall.
Then the value of remnant polarization decreases, and the rel-
ative permittivity also increases accordingly. In the end, we
can draw a conclusion that the relative permittivity and the di-
electric loss of NaBi(Ti0.98Mg0.02)6O14−δ is smaller than that
of NaBiTi6O14 at the same condition, which is consistent with
Table 2.

Table 1. Dielectric properties of NaBiTi6O14 and NaBi(Ti0.98Mg0.02)6O14−δ samples sintered at different temperatures.

Sample Temperature/◦C
Bulk density/(g/cm3) Insulation resistance (ρv)/106 Ω·cm

NaBiTi6O14 NaBi(Ti0.98Mg0.02)6O14 NaBiTi6O14 NaBi(Ti0.98Mg0.02)6O14

1 1020 3.173 3.774 0.0481 0.0975
2 1040 3.895 3.643 41.7895 0.4365
3 1060 4.057 3.587 4.0662 3.9322
4 1080 4.099 3.511 4.2834 3.9051

Table 2. Dielectric properties of NaBiTi6O14 and NaBi(Ti0.98Mg0.02)6O14−δ samples sintered at different temperatures.

Sample Temperature/◦C
εr tanδ /%

NaBiTi6O14 NaBi(Ti0.98Mg0.02)6O14−δ NaBiTi6O14 NaBi(Ti0.98Mg0.02)6O14−δ

1 1020 22.3962 27.2043 0.050 0.151
2 1040 29.4388 27.1733 0.248 0.101
3 1060 32.9143 25.8045 1.417 0.100
4 1080 35.8533 29.2735 2.509 0.112

(a) (b)

(c) (d)

1 mm 1 mm

1 mm 1 mm

Fig. 6. SEM of NaBiTi6O14 ceramics sintered at (a) 1020 ◦C, (b) 1040 ◦C,
(c) 1060 ◦C, and (d) 1080 ◦C.

(a) (b)

(c) (d)

1 mm 1 mm

1 mm 1 mm

Fig. 7. SEM of NaBi(Ti0.98Mg0.02)6O14−δ ceramics sintered at (a) 1020 ◦C,
(b) 1040 ◦C, (c) 1060 ◦C, and (d) 1080 ◦C.
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4. Conclusion

In this article, we studied the dielectric property by
comparing NaBiTi6O14 and NaBi(Ti0.98Mg0.02)6O14−δ , we
mainly focused on the relative permittivity and the dielectric
loss of the samples and found that the dielectric property of
NaBi(Ti0.98Mg0.02)6O14−δ is better than that of NaBiTi6O14.

(i) According to the above discussion, we find
that despite 1020 ◦C, the relative permittivity (εr) of
NaBi(Ti0.98Mg0.02)6O14−δ is lower than that of NaBiTi6O14

at the same sintering temperature. In addition, the di-
electric loss remains at a very low level around 100 ◦C
to 600 ◦C, indicating that the dielectric property of
NaBi(Ti0.98Mg0.02)6O14−δ is better than that of NaBiTi6O14.
The dielectric property of NaBi(Ti0.98Mg0.02)6O14−δ implies
that NaBi(Ti0.98Mg0.02)6O14−δ can be comprehensively used
in microwave ceramics with a pretty wide operating tempera-
ture.

(ii) The change of the permittivity after Mg-doping is
mainly contributed to the oxygen vacancies. When Mg2+ oc-
cupies the B site of Ti4+, oxygen vacancies will appear. The
deformation of the perovskite structure octahedron makes do-
main moving difficult. When oxygen vacancies diffuse to the
domain wall, they will nail the domain easily and block the
movement of the domain which makes it difficult for the do-
main to change direction in poling. Therefore, piezoelectric
and dielectric properties of ceramics will decrease.

(iii) The change of the dielectric loss after Mg-doping is
mainly attributed to the interface polarization and the grain
size. The interface polarization between the grain and the
grain boundary is weak. With temperature rising, the resistiv-
ity of the ceramics decreases and the conductivity of grains be-
comes obvious, namely that the interaction between ceramics
and electrodes begins to influence ceramic properties. Conse-
quently, at high temperatures, the dielectric loss increases with
the increasing temperature. As for grain size, large grain size
causes the decrease of the ratio of the grain boundary. Gener-
ally, the defects in the grain boundary are less than that in the
grain, leading to the decrease of the dielectric loss.
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